Subjects judged the loudness and the lateral position of dichotic transient signals, which were presented at equal and unequal levels, synchronously and asynehronously, to the two ears. Binaural loudness summation of clicks does not obey a law of linear addition: It is partial at low level and superadditive at high level. Supersummation is greater for interaurally delayed clicks than for coincidental ones. The relation between click loudness and sound pressure (over moderate SLs) can be described as a power function with a greater exponent for the binaural function. Lateral positions spread over a greater range for interaural level differences than for interaural time differences. The time-intensity trading ratio was greater than is typically reported for tones. When sound lateralization was induced by interaural time difference, but not by intensity difference, a virtually perfect negative correlation between loudness and extent of off-center displacement existed.
INTRODUCTION
This study reports the results of a combined investigation of binaural summation and lateralization of transients.
Although interrelations between loudness and lateralization properties of the binaural stimulus are recognized (and have been looked at for threshold), these two kinds of experiences, stemming from a common physical input, have not been collectively studied at the suprathreshold range, nor have their mutual influences been examined in any systematic manner. In none of the lateralization studies were subjects asked to estimate the loudness of the stimulus in addition to the measurement of lateralization. Conversely, none of the binaural summation studies we are aware of asked subjects to indicate the apparent location of the very sounds whose loudnesses they were estimating. • Existing measurement practices are, therefore, hardly efficient since the relevant sensations are there to assess, at no further cost of extra manipulation(s) to the experimenter. At the theoretical level, however, more than parsimony is a.t stake. Failure to examine loudness and localization jointly may hinder the resolution of questions of primary theoretical importance to both domains of binaural hearing. These include issues such as the form of the metric structure(s) underlying interaural loudness integration (Algom and Marks, 1984; Marks, 1978 Marks, , 1979a Marks, 1978 Marks, , 1979a Marks, ,b, 1980 Marks, , 1987 .
To equal the loudness of a binaural tone, a monaural tone has to be 10 dB greater. This difference in intensity implies the operation of the sone scale (i.e., loudness increases as the 0.6 power of sound pressure) because 10 dB represents doubling of loudness in sones (Stevens, 1956 eluded that, although the same noises are louder when heard binaurally than when heard monaurally, the binaural-monaural ratio increases with increasing SPL. Reynolds and Ste-stimuli grows as a power function of sound pressure, but that monaural and binaural loudness functions diverge (hence giving rise to an ever changing--continuously increasing--binaural-monaural loudness ratio). By contrast, both Scharfand Fishken (1970) and Marks (1980) reported psychophysical functions for noise that are not power functions of sound pressure (see, Scharf, 1978 , for a review of results on this point). Nevertheless both studies yielded nonconstant binaural-monaural loudness ratios. No binaural loudness studies were conducted with clicks as the stimulus.
B. Lateralization of transients
Interaural time and intensity asymmetry have been identified as two major stimulus variables involved in lateralization. The effect ofmonotonically increasing an interaural intensity difference is to move a fused sound image away from the median plane toward the ear receiving the more intensive signal. Many studies suggest that the image will be completely lateralized when the interaural difference is about 10 dB (B•k6sy, 1959 Babkoff, 1982; Babkoffet al., 1973; Durlach and Colburn, 1978) , but some studies report lateralization with smaller (Flanagan e! al., 1964) or with greater (Guttman, 1962a ) intensity asymmetry. Generally, lateralization based on interaural intensity asymmetry seems to be less influenced by spectral and overall level characteristics of the stimulus than lateralization based on interaural time asymmetry (Babkoff, 1982) .
When there is a pure interaural time difference, it is mainly the low-frequency segment (below about 1200-1500 Hz) of short-duration pure tones, broadband noises, or clicks that affects lateralization. Complex signals, containing high-frequency components, can nevertheless be lateralized on a pure interaural time difference basis due to envelope modulation characteristics. Overall intensity affects onset-asynchrony-induced lateralization with clicks (and other broadband signals), yet the results are contradictory (compare summaries by Durlach and Colburn, 1978 , and Babkoff, 1982) .
The quantitative details of lateralization based on a pure time difference are rather extensively documented. When a pair of transients is asymmetrical with respect to time by approximately 20-40/.rs, subjects report hearing a unitary stimulus slightly displaced from the median plane in the direction of the lead ear. If the interval is increased to between 500/.rs and 1 ms, most subjects report a unitary stimulus located at the lead ear. When the interval is increased to a value between 2-4 ms, two stimuli are reported, one at the lead ear and a very slight, just perceptible stimulus at the lag ear (Babkoff, 1975 (Babkoff, , 1980 (Babkoff, , 1982 Babkoffetal., 1980 Babkoffetal., , 1981 Babkoffand Sutton, 1963 , 1966 .
Interaural time and intensity differences can trade to achieve criterion values of lateralization. Similar to the case of lateralization based on interaural time asymmetry, timeintensity trading ratios are greatly influenced by the spectral characteristics and overall intensity of the binaural stimuli. In fact, reported values of the trading ratio spread over two orders of magnitude (from 1-300•ts dB -4; see Durlach and Colburn, 1978) . There is some indication, though, for increased ratios for all-pass clicks as compared to pure tones.
C. Combined study of binaural summation and lateralization of transients
The present study aims to look again at binaural summation of loudness and at the lateralization of dichotic signals. However, this examination is accomplished from a combined perspective, using identical stimulus input within the framework of a single experimental design. This dictated careful choice of both parameters and procedures.
First, consider the stimulus. We use broadband clicks for a couple of reasons. For one, transients have proved an important stimulus in the study of lateralization, probably due to their excellent time-marker properties. In fact, the transient early wave of a sound provides the most reliable information as to its location and is capable of suppressing information in later waveforms. A second reason is probably more important. Binaural summation has not been studied with clicks as stimuli. In fact, we do not know ifpsychophysical functions for clicks have ever been erected. Second, combined investigation of the two binaural hearing phenomena puts tight constraints on the range of possible experimental values. Binaural summation and scaling call for a relatively large spread of intensity values (a range in the order of at least 50-60 dB), whereas lateralization is sensitive to even single dB interaural differences (and has reported to be complete at 1 0-15 dB). We reconciled the opposing, task-bound demands by choosing an approximately 50-dB-wide range, but one with an uneven distribution of experimental values. It is more densely grained in the 10-dB interval from 40-50 dB. Third, given the high sensitivity shown by the auditory system to interaural amplitude differences, we adhered to using SL (for each ear independently) rather than SPL stimuli. Fourth, the present study includes monaural presentations for both loudness and lateralization judgments. It used a matrix of stimuli in which each of several intensities to the left ear (including a "zero" below threshold stimulus) was combined with each of several intensities to the right ear (again, including a "zero" stimulus) at each of several val- 
L Interaural time differences
The interval between the dichotic clicks was varied from 0 to 800/.rs. Values of 0, 200R, 800R, 200L, and 800L/•s were used where the numbers stand for the magnitude of the interaural time asymmetry and the letters designate the identity of the lead ear (this symbolization is used throughout the rest of this article). All At's were generated by a crystalcontrolled timer (local design). Intra-and intertrial intervals similarly were controlled by locally designed logic units and circuitry. All At's and durations were monitored with a Monsanto type 120 A counter timer.
Interaural level differences
Monaural thresholds of each subject were measured before the experiment by the adaptive version of the method of limits and were monitored throughout the experiment. Since no large changes in threshold were recorded, these estimates were maintained throughout and served as the referents for determining the click sensation levels (SLs) for each subject. Thus the entire experimental-value population comprised a three-dimensional (left-ear SLs X right-ear SLs X interaural time differences) matrix of (6 X 6 X 5) = 180 stimuli.
B. Procedure
Two auxiliary experiments on random subsets of the entire stimulus population preceded the main experiment. The first was conducted so as to be able to compare data obtained from successive double loudness and localization-judgments of a stimulus with data that derive from a single judgment (of either kind) made to that stimulus. Three subjects (including one of the authors) judged the same set of stimuli on both loudness and apparent location in one session, but on only either loudness or location in two other sessions. For all three observers, no significant intersession differences were found for either type of judgment. Moreover, all the homomodal intersession correlations were close to unity, in no case falling below 0.91.
A second auxiliary experiment sought to examine order of judgment effect(s). Three observers judged the same set of stimuli on loudness and location (in that order) in one session, but in the reverse order in a second session. No order of judgment effects whatsoever was detected.
Subjects served in seven 2-h sessions (separated from one another by at least 1 day) in the main experiment. The first two sessions were devoted to ( 1 ) the determination and monitoring ofmonaural thresholds and (2) the familiarization of subjects with the stimulus setting and response procedures. The subject was subsequently trained by judging (at least once, but usually several times) all stimulus combinations used in the experiment. The training was interrupted several times at the subject's request. A full replicate of the entire stimulus matrix was presented in each of five additional sessions.
Each stimulus from the entire 180-member three-dimensional matrix was presented once and judged on both loudness and apparent location in the course of an experimental session. Order of presentation of stimuli was irregular (pseudorandom, in that orderly sequences that occasionally arise in random selection were intentionally omitted) and different for each subject.
For judgments of loudness, the method used was magnitude estimation. Subjects were instructed to assign to the first stimulus whatever number seemed most appropriate to represent its loudness, and, then, to subsequent stimuli, to assign numbers in proportion. They were told that they could use whole numbers, decimals, and fractions as needed.
For judgments of lateralization, the listener was required to assign and report the position of each binaurally fused sound image, with the aid of an analog-visual scale. A semicircular visible scale (outlined in 3-mm black tape on a white cardboard) was set up in front of the listener to parallel his perceived auditory space. It had a radius of approxi- Each stimulus was signaled by the appearance of a short warning light. Specifically, subjects were instructed: "A signal will be presented on every trial. Your task is to assess its loudness and then to tell where, in your head, you hear it." Subjects could ask for repeated presentation of a stimulus, an option they rarely used. In fact, beyond a few training trials, all felt comfortable with the response procedure.
Seven young men and women, all paid volunteers from the Bar Ilan University community, served as subjects. None had reported any history of hearing loss. Three of the subjects had previous experience with psychophysical measurement methods, though not necessarily in judging loudness or location. A further conclusion from the present data is that the binaural/monaural loudness ratio tends to become larger as we increase the interaural time differences (hence the fused sound image appears in a lateralized position). It is clear from inspection of Fig. 3 that, on the average, the largest binaural ratios are associated with the largest interaural time differences. We suggest calling this phenomenon binaural loudness recruitment. In fact, binaural supersummation of noise (as compared to tonal stimuli) may itself represent a form of loudness recruitment.
II. RESULTS AND DISCUSSION
If we convert Fig. 3 into a log-log plot, a straight Conversely, even at its maximum effective value, At fails to cause complete lateral displacement. It is moot if full lateralization of the image at one ear can be (or has ever been) achieved by pure interaural time differences. Detailed analyses of individual results were uneventful in demonstrating in each case the main features documented for the data pooled over subjects. The various and highly subjective lateralization phenomena proved fully reproducible among all of the subjects. Both AI and At influenced lateralization in a monotonic fashion, but the effect was clearly larger for the former manipulation. 
C. Time-intensity trading

D. Loudness-lateralization relations
A unique feature of the present design was the generation of explicit judgments for both loudness and lateralization for the same set of suprathreshold binaural stimuli. A natural and important question, but one impossible to answer on the basis of previous work, is whether the two kinds of binaural experiences are interdependent. The present experiment was partly conducted to directly answer this question.
Consider first interaural time difference. There is a strong relation between spatial position and loudness when lateralization is induced by pure At differences. Table II The close to unity correlation between loudness and lateralization is a striking finding for it implies that a given amount of acoustical energy input results in different loudness outputs depending on the apparent location of the sound in the listener's auditory space. Thus feeding the two ears with equal level coincident stimuli (hence an image in a central position is reported) results in a loudness of given magnitude. Yet, presenting the same stimuli with an interaural delay (hence an image in a lateralized position is reported) results in another loudness whose magnitude is significantly smaller than is the former's loudness. In general, subjective displacement of a sound image from the median plane brings about a monotonic decrease in its loudness. These changes in loudness take place despite the fact that the auditory system is fed by a constant amount of acoustic ener- The magnitude of the loudness judgments remained relatively constant as interaural amplitude differences were increased from 0 to 9 dB, where significant changes in lateralizationjudgments occurred. Overall, the correlation between loudness and localization for amplitude produced displacements turned out to be low and nonsignificant (0.103). position ( A major purpose of our investigation of binaural loudness perception and interaural lateral position was to relate the two directly. Our results suggest a unique, partially interactive association between these two internal representations of the same auditory input. Whenever lateral position is wholly, or even partially, determined by interaural time dif-ferences, a virtually complete inverse relation exists between loudness and the extent of off-center displacement. Whenever the image is displaced by pure interaural amplitude differences, no correlation between loudness and lateral position exists, and loudness remains constant for constant energy input.
Modern models of binaural interaction assume (beyond preliminary sound processing at each ear) some sort of a central binaural cross-correlation device (e.g. Colburn, 1973 Colburn, , 1977 Jeffress, 1948; Sayers and Cherry, 1957) . Most assume that the position of the sound is estimated either directly (actual interaural delay) or indirectly { neural delay of the signal from one side due to interaural level difference) from the time difference between the two inputs to the central processor (Furst et al., 1985; Lindeman, 1986 ). The veteran "latency hypothesis" is just one realization of this line of thought. A basic weakness of the cross-correlation or coincidence network models is their inability to directly handle lateralization based on interaural level differences. Mechanisms additional to the cross-correlation device must be (and in fact have been) proposed to be able to account for such data (e.g., Stern and Colburn, 1978; Lindeman, 1986) . Viewed from a wider perspective, the problem may be traced to an even more fundamental weakness, namely, the failure oflateralization models to consider binaural loudness (summation) data. In their comprehensive review, Colburn and Durlach (1978) (5) There is a trade-off between time and intensity on the order of 100 its dB-i.
(6) When lateralization is generated by interaural temporal delay, there is a perfect negative relation between lateral position (the extent of off-center displacement ) and loudness. This lateralization-loudness trade-off operates despite the fact the ears are fed constant amounts of acoustic energy. 
